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going hypertrophy. This adaptation involves a coordinated response of both the muscle fibers that generate force, and the extracellular matrix (ECM), which transmits this force to tendons and bones (14, 22) . Forces are transmitted longitudinally at myotendinous junctions through fibrillar collagens, as well as laterally between muscle fibers through basement membrane collagens before reaching the tendon (18, 32) . There are both injury-independent and injury-dependent mechanisms of muscle fiber and ECM adaptation to different forms of exercise. For injury-independent mechanisms, repetitive mechanical loading, typically in the form of endurance exercise or concentric muscle contractions, can stimulate ECM production and remodeling, with little to no changes in muscle fiber force production (5) . In resistance exercise, the loads placed upon muscle during eccentric contractions induces small amounts of damage to muscle fibers and the ECM. This triggers an adaptive response in which the injured components of the muscle cells and matrix are broken down and replaced with new, and typically greater, amounts of contractile and matrix proteins, resulting in skeletal muscle hypertrophy (5, 14) . When muscle is more severely injured by eccentric injuries, or in cases of immobilization or disease, muscle fibers will often undergo atrophy, which can result in a marked decline in the forcegenerating capacity of muscle tissue. The ECM may also wither, but more frequently, the matrix will continue to increase its volume slowly over time, a process that frequently leads to fibrosis (14, 23) . Numerous biophysical, biochemical, and molecular factors participate in the process of skeletal muscle hypertrophy, and gaining a greater understanding of how these factors interact, especially in regards to the contractile and matrix elements of muscle, could help to improve treatments for severe muscle injuries and diseases.
Resistance exercise training often results in increases in whole muscle force production through muscle fiber hypertrophy, as well as an increase in the abundance and elastic energy storage capacity of the ECM (14) . Myofibrils, which are composed of repeating segments of sarcomeres, are the fundamental structures within muscle fibers that generate force. Increasing the number of parallel-aligned myofibrils increases the force-generating capacity of a muscle fiber. The ratio of maximum isometric force production (F o ) of a fiber to its cross-sectional area (CSA) is referred to as specific force (sF o ). Although exercise training can increase the size and forcegenerating capacity of muscle fibers, and healthy aging can have the opposite effect, in both cases, sF o of muscle fibers displays little to no change (4, 41, 42) . When a muscle is injured, or in degenerative muscle diseases, sF o can be markedly reduced (12, 25, 30, 47) . Decreases in sF o also correlate well with clinically measured parameters that predict the regenerative capacity of muscle and overall patient health (28) . Although changes in sF o at the single muscle fiber level have been previously studied in long-term exercise training studies and rodent injury models, to our knowledge this process has not been studied acutely during the onset of muscle hypertrophy. The ECM of muscle also undergoes important changes during hypertrophy to optimize the transmission and storage of greater amounts of energy from larger muscle fibers. This is typically characterized by an increase in the collagen content and stiffness of the matrix, among other biochemical and mechanical changes (14) . Understanding how the ECM changes is therefore critical for an integrated understanding of functional changes to muscle during the onset of muscle hypertrophy.
The rodent synergist ablation model has frequently been used in the study of skeletal muscle hypertrophy (2, 3, 9, 15, 21) . This model involves the partial or full surgical removal of the Achilles tendon, resulting in a marked reduction in the contribution of the gastrocnemius and soleus muscles to ankle joint plantarflexion. The plantaris muscle, which also acts as an ankle plantarflexor, then undergoes hypertrophy to compensate for the reduction in force transmission from the gastrocnemius and soleus. The primary objectives of the current study were to use the synergist ablation model to study early and late changes in muscle fiber contractility, and markers of ECM abundance and stiffness in adult rats. Based on our existing understanding of satellite cell activity and muscle fiber regeneration, we hypothesized that fibers from the plantaris muscle would experience a reduction in sF o 3 and 7 days after synergist ablation, and that sF o would be restored to control levels by 28 days after overload. We further hypothesized that there would be a slow, progressive accumulation in the content of collagen and the abundance of collagen cross-links over the course of hypertrophy. In support of our primary objectives, our secondary objectives were to measure activation of signaling proteins that regulate fiber hypertrophy and ECM production, and analyze changes in the transcriptome of muscles subjected to synergist ablation.
METHODS
Animals and surgeries. This study was approved by the University of Michigan Institutional Animal Care and Use Committee and followed the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals. Six-month-old male Sprague-Dawley rats were purchased from Charles River (Wilmington, MA) and housed in specific pathogen-free conditions. Rats were randomized to serve either as controls (n ϭ 4) or to the 3-, 7-, or 28-day group (n ϭ 8 per group); a total of 28 rats were used. Based on previous studies in which the measured variability of control muscles was low (10), we assigned only four animals to the control group. We performed a bilateral synergist ablation procedure as previously described (2, 13, 37) . In this procedure, the Achilles tendon is removed, which eliminates the ability of the gastrocnemius and soleus muscles to transmit forces longitudinally to the talocrural joint, causing hypertrophy of the synergist plantaris muscle. Removal of the Achilles tendon prevents subsequent scarring and stress shielding of the plantaris muscle, but does not totally remove the ability of the gastrocnemius and soleus muscles to transmit forces laterally to the plantaris muscle, however.
Rats were anesthetized with 2% isoflurane, and the skin overlying the posterior lower limb was shaved and scrubbed with chlorhexidine and isopropyl alcohol. A midline incision was created in the skin and the paratenon was split to achieve visualization of the Achilles tendon, and a full-thickness tenectomy was performed in the midsubstance of the tendon. The entire midsubstance of the Achilles was removed to prevent spontaneous healing. The paratenon was loosely reapproximated, a splash block of a small amount of 0.5% bupivacaine was applied to the tendon stumps, and the skin was closed using 4-0 Vicryl (Ethicon, Somerville, NJ) and GLUture (Abbott, Abbott Park, IL). Ampicillin (20 mg/kg), buprenorphine (0.03 mg/kg), and carprofen (5 mg/kg) were administered to prevent infection and for analgesia during postoperative recovery. Weight bearing and cage activity were allowed ad libitum, and rats were closely monitored for signs of pain or distress.
Rats were allowed to recover for 3, 7, or 28 days after the synergist ablation procedure. At the time of harvest, rats were anesthetized with sodium pentobarbital (50 mg/kg), and plantaris muscles were harvested and blotted dry before the mass was measured. The left muscles were finely minced, divided into equal portions for biochemical and gene expression assays, and snap-frozen at Ϫ80°C. The right proximal quarter was fixed in 10% neutral-buffered formalin and embedded in paraffin. The next distal quarter was snap-frozen in Tissue-Tek (Sakura, Torrance, CA) using isopentane cooled in liquid nitrogen, and stored at Ϫ80°C until use. The distal half of the right muscle was used for permeabilized fiber contractility analysis. After tissue was removed, animals were humanely killed by anesthetic overdose and induction of bilateral pneumothorax.
Permeabilized muscle fiber contractility. The contractile properties of permeabilized muscle fibers was performed as previously described (10, 27, 30) . Briefly, bundles of fibers were dissected from plantaris muscles, placed in skinning solution for 30 min and then in storage solution for 16 h at 4°C, followed by storage at Ϫ80°C. For contractility testing, fibers were isolated from bundles that were freshly thawed on ice, placed in a chamber filled with relaxing solution, and secured to a servomotor (Model 322C; Aurora Scientific, Aurora, ON, Canada) and force transducer (403A; Aurora Scientific) using two ties of 10-0 monofilament nylon suture at each fiber end. Fiber length (L f) was adjusted to obtain a sarcomere length of 2.5 m using a laser diffraction measurement system. The average fiber CSA was calculated assuming an elliptical cross section, with diameters obtained at five positions along the fiber from high-magnification images at two different views (top and side). Maximum F o was elicited by immersing the fiber in a high- [Ca 2ϩ ] solution, and sFo was derived by dividing F o by CSA. Ten to 20 type II fibers were tested from each muscle.
Histological analysis. Muscles embedded in paraffin were sectioned at a thickness of 7 m with a microtome and stained with hematoxylin and eosin to perform qualitative tissue assessment. For quantitative fiber size measurements, frozen muscles were sectioned at a thickness of 10 m in a cryostat, and incubated with wheat germ agglutin (WGA) lectin conjugated to Alexa Fluor 488 (WGA-AF488; Life Technologies) to identify extracellular matrix, and with DAPI (Life Technologies) to identify nuclei. Slides were imaged using a BX-51 microscope (Olympus America, Melville, NY) outfitted with a DP-70 high-resolution digital camera. ImageJ software (National Institutes of Health, Bethesda, MD) was used to perform quantitative measurements.
Multiplex protein analysis. A Luminex-based system was used to measure protein abundance as described (27, 38) . Briefly, muscles were finely minced and placed in cold Tissue Protein Extraction Reagent (Thermo Scientific, Rockford, IL) supplemented with a protease and phosphatase inhibitor cocktail (Thermo Scientific), homogenized with a TissueRuptor (Qiagen), and vortexed for 10 min at 4°C. Tissue lysate was then spun at 12,000 g for 10 min, and the supernatant was collected and stored at Ϫ80°C. Total protein content was determined using a bicinchoninic acid protein assay (Thermo Scientific), and 50 g of total protein was analyzed using Milliplex-magnetic bead assays (EMD Millipore, Billerica, MA . Median fluorescence intensity (MFI) values of analytes were measured in a MAGPIX system (Luminex, Austin, TX). The MFI of a particular analyte was normalized to control muscles.
Microarray and gene expression analysis. RNA isolation and gene expression were performed as previously described (27, 37) . The muscle was finely homogenized in QIAzol (Qiagen, Valencia, CA), and RNA was isolated using a miRNeasy Kit (Qiagen), and treated with DNase I (Qiagen).
Microarray measurements were performed by the University of Michigan DNA Sequencing Core as previously described (17) . Four samples from each group were used for analysis. Biotinylated cDNA was prepared using a GeneChip Plus WT kit (Affymetrix, Santa Clara, CA) from 400 ng of total RNA. Following fragmentation, cDNA was hybridized on Rat Gene 2.1 ST array plates (Affymetrix) and read using the GeneTitan system (Affymetrix). ArrayStar version 13 (DNASTAR, Madison, WI) was used calculate fold changes in gene expression data. The microarray data set is available through the National Institutes of Health GEO database (accession number GSE62388). Ingenuity Pathway Analysis (IPA, Qiagen) was used to perform gene enrichment analysis.
For quantitative PCR (qPCR), RNA was reverse transcribed into cDNA using the iScipt system (BioRad, Hercules, CA). cDNA was amplified in a CFX96 real-time thermal cycler (BioRad) using iTaq SYBR green reagents (BioRad). Target gene expression was normalized to the stable housekeeping gene eukaryotic translation initiation factor 2B subunit 2 (Eif2b2), and further normalized to the relative expression values from plantaris tendons that were not subjected to synergist ablation using the 2 Ϫ⌬⌬Ct technique. Eif2b2 was selected as a housekeeping gene from microarray data and validated with qPCR. Using this approach, any expression value greater than 1 indicates an upregulation compared with nonoverloaded controls, and any value below 1 indicates a downregulation compared with controls. Primer sequence information is provided in Supplementary Table 1 .
Pyridinoline and hydroxyproline assays. Muscle samples (50 mg wet weight) were dried overnight at 100°C, weighed immediately, and then hydrolyzed in 500 l of 12 M HCl for 6 h at 110°C. Samples were then evaporated in a SpeedVac (Thermo Scientific) and resuspended in water. Pyridinoline levels were measured using an ELISA (Quidel, San Diego, CA) following the recommendations of the manufacturer. Hydroxyproline levels were determined using a colorimetric assay as previously described (6, 27) . Samples were assayed in duplicate and absorbance values were measured using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA). Pyridinoline and hydroxyproline levels were normalized to dry muscle mass.
Statistical analysis. Data are presented as means Ϯ SD. Differences between groups were tested using a one-way ANOVA (␣ ϭ 0.05) followed by Fisher's least significant differences post hoc sorting using Prism 7.0 software (GraphPad, San Diego, CA). Microarray data were tested using a one-way ANOVA, and a Benjamini Hochberg false discovery rate correction was used to adjust for multiple observations.
RESULTS
Compared with control rats, synergist ablation led to a 14 -30% increase in muscle mass (Fig. 1A) , which was accompanied by a 37 to 63% increase in muscle fiber CSA (Fig. 1B) . Fibers appeared swollen at 3 days, and by 7 days, gross signs of muscle regeneration, including centrally located nuclei, were present (Fig. 1C) . However, at 28 days, the muscle appeared normal with hypertrophied, less compact fibers compared with the control group (Fig. 1C) . The contractile function of permeabilized muscle fibers was then measured (Table 1) . Fig. 1 . Muscle morphology and histology. Muscle mass (A), muscle fiber cross-sectional area (CSA) (B), and histology identifying important features (C) from control (Ctrl) muscles and muscles taken 3, 7, or 28 days after synergist ablation. Values are means Ϯ SD, n ϭ 4 muscles per group in Ctrl and n ϭ 8 muscles per group for the 3-, 7-, and 28-day synergist ablation groups. Differences were tested using a one-way ANOVA (␣ ϭ 0.05) followed by Fisher's least significant difference post hoc sorting. #Significantly different (P Ͻ 0.05) from Ctrl muscles, †significantly different (P Ͻ 0.05) from 3-day synergist ablation muscles, ‡significantly different (P Ͻ 0.05) from 7-day synergist ablation muscles.
Fiber CSA measurements differed somewhat compared with values obtained through histological analysis, which likely occurred due to fiber welling. Muscle CSA was reduced by 8% at the 7-day time point and increased by 13% at the 28-day time point compared with that of controls. Maximum isometric force, F o , was 20 -26% lower than controls at the 7-and 28-day time points. Specific force, sF o , was reduced by 21-25% 3 and 7 days after overload, but returned to control levels by 28 days.
We next measured changes in ECM composition (Table 2 ). Pyridinoline was elevated by 27% 7 days after synergist ablation, and by 40% 28 days after overload, whereas hydroxyproline levels were reduced by 29 -39% after overload. When pyridinoline was normalized to hydroxyproline levels, this ratio was elevated by 91-113% in overloaded muscles compared with controls.
Following measurement of ECM markers, we analyzed levels of signaling proteins involved in muscle and ECM growth and remodeling (Table 3) . For proteins involved in muscle hypertrophy, p-Akt and p-mTOR levels were not elevated until 7 days after synergist ablation, whereas p-p70S6K was elevated as soon as 3 days. p-Smad2 and p-Smad3, which are involved in muscle atrophy and ECM production, were also elevated 3 days after overload, and declined thereafter. Smad4 levels did not change throughout the study. p-ERK1/2, p-p38 MAPK, and p-STAT3 demonstrated generally similar responses as observed for p-Smad2 and p-Smad3.
Finally, we measured changes in the transcriptome that occurred after synergist ablation. In overloaded muscles, a total of 8,343 genes, or~23% of the measured transcriptome, were either 1.5-fold upregulated or downregulated and were also significantly different from controls. We then used qPCR to measure expression of individual genes that have a known role in muscle and ECM growth and remodeling, or had substantial changes in fold expression between groups in the microarray data set.
For growth factors and cytokines (Table 4) , no difference in activin A expression was observed. Activin B, BMP7, and GDF11 demonstrated a progressive increase in expression throughout the overload period. Expressions of IGF1-Eb, TGF-␤, and TWEAK peaked at 3 days, whereas CTGF, IGF1-Ea, and irisin peaked at 7 days. Myostatin was downregulated throughout the study.
In genes involved with muscle atrophy and protein degradation (Table 5) , atrogin-1, MuRF1, MuSA1, beclin-1, -calpain, m-calpain, and calpain-5 were elevated 3 days and 7 days after overload, but returned to control levels by the 28-day time point. Calpain-6 expression peaked at 7 days before returning to baseline levels at 28 days. The myogenic regulatory factors (Table 5 ) MyoD, myogenin, and MRF4 had highest expression at 7 days, as did myomaker and members of the Hippo pathway, MST1 and YAP. Expression of the contractile genes (Table 5) embryonic myosin heavy chain, perinatal myosin heavy chain, and type I myosin heavy chain also peaked at 7 days, whereas types IIA, IIB, and IIX myosin heavy chains were elevated at the 28-day time point. Values are means Ϯ SD, n ϭ 4 muscles per group in control and n ϭ 8 muscles per group for the 3-day, 7-day, and 28-day synergist ablation groups. Differences were tested using a one-way ANOVA (␣ ϭ 0.05) followed by Fisher's least significant difference post hoc sorting. *Significantly different (P Ͻ 0.05) from control muscles, †significantly different (P Ͻ 0.05) from 3-day synergist ablation muscles, ‡significantly different (P Ͻ 0.05) from 7-day synergist ablation muscles. CSA, cross-section area; Fo, maximum force production; sFo, specific force. Values are means Ϯ SD, n ϭ 4 muscles per group in control and n ϭ 8 muscles per group for the 3-day, 7-day, and 28-day synergist ablation groups. Differences were tested using a one-way ANOVA (␣ ϭ 0.05) followed by Fisher's least significant difference post hoc sorting. *Significantly different (P Ͻ 0.05) from control muscles, †significantly different (P Ͻ 0.05) from 3-day synergist ablation muscles. Values are means Ϯ SD, n ϭ 4 muscles per group in control and n ϭ 8 muscles per group for the 3-day, 7-day, and 28-day synergist ablation groups. Differences were tested using a one-way ANOVA (␣ ϭ 0.05) followed by Fisher's least significant difference post hoc sorting. *Significantly different (P Ͻ 0.05) from control muscles, †significantly different (P Ͻ 0.05) from 3-day synergist ablation muscles, ‡significantly different (P Ͻ 0.05) from 7-day synergist ablation muscles. Values are means Ϯ SD, n ϭ 4 muscles per group in control and n ϭ 8 muscles per group for the 3-day, 7-day, and 28-day synergist ablation groups. Differences were tested using a one-way ANOVA (␣ ϭ 0.05) followed by Fisher's least significant difference post hoc sorting. *Significantly different (P Ͻ 0.05) from control muscles, †significantly different (P Ͻ 0.05) from 3-day synergist ablation muscles, ‡significantly different (P Ͻ 0.05) from 7-day synergist ablation muscles.
For genes that encode ECM structural and remodeling proteins (Table 6) , expression of the fibrillar type I and III collagens were elevated by 7 days after overload, and continued to be elevated at 28 days. The basement membrane collagens IV, V, VI, and VIII, along with the fibril associated collagens XII and XIV, were elevated as soon as 3 days after overload. Most of the basement membrane collagens returned to baseline levels by 28 days, whereas collagen XIV remained elevated at 28 days. The proteoglycans asporin, biglycan, lumican, and versican were upregulated 3 days after overload, and asporin and versican remained elevated at 28 days. The hyaluronic acid matrix-producing enzymes HAS1 and HAS2 were also induced 3 days and remained so throughout the study, whereas Hyal1, which breaks down hyaluronic acid, was downregulated at 3 days and induced thereafter. Elastin and the cross-linking enzyme lysyl oxidase were both elevated at 3 days, and returned to baseline by 28 days. The stromelysin MMP3, the gelatinase MMP9, the collagenase MMP13, and the membrane-tethered MMP14 were elevated by 3 days after synergist ablation, whereas the gelatinase MMP2 was elevated at 7 days, and the collagenase MMP8 by 28 days. TIMP1 and TIMP2 were also elevated 3 days after overload.
There was a pronounced induction of several genes involved with the regulation of fibroblast and immune cell activity (Table 7) , including FAP, FSP1, osteoactivin, and osteopontin, which generally tapered quickly thereafter. PDGFRa was elevated 3 and 28 days after overload. The neutrophil marker Ly6C, and the panmacrophage marker F4/80, were upregulated 3 days after overload. The M1 macrophage markers CD11b and CD68 were elevated 3 days after overload, and CD11b returned to baseline expression by 28 days. For M2 macrophage markers, CD163 was induced by 3 days, whereas CD168 was not elevated until 7 days, and both remained elevated through 28 days after synergist ablation.
DISCUSSION
Skeletal muscle hypertrophy involves an organized response of both muscle fibers and the ECM to adapt to increased mechanical loads placed upon the tissue. In the current study, we used a rat synergist ablation model to study early and later changes in fiber contractility and ECM composition. To support the primary objectives, we also measured activation of various signal transduction pathways, and corresponding changes in the muscle transcriptome at these time points. We found that muscle fiber sF o , which is a useful biomarker of muscle function, was reduced 3 and 7 days after onset of mechanical overload, but had returned to control levels by 28 days. Levels of collagen were also acutely reduced at the 3-and 7-day time points, but returned to normal levels 28 days after synergist ablation. Nearly a quarter of the transcripts measured using microarrays were differentially regulated throughout the study. The differences in activation of various signaling proteins and changes in numerous transcripts involved in muscle and ECM growth and remodeling generally corresponded well to the observed structural and functional changes in muscle tissue. Overall, the findings of the study support our initial hypotheses that fibers from the plantaris muscle would experience a reduction in sF o 3 and 7 days after synergist ablation, which would be restored to control levels by 28 days after overload, and that there would be a slow, progressive accumulation in collagen content and cross links over the course of hypertrophy.
The permeabilized fiber measurement technique is useful for the study of muscle function at the single cell level (34) . We and numerous other groups have used this approach to study longterm changes in muscle fiber function in response to injury or resistance exercise. Chronic injury or immobilization can result in an up to 40% reduction in F o and up to 30% reduction in sF o in rodent models, and declines of up to 30% in F o and sF o in human muscles (10, 12, 28, 43, 47) . For studies of exercise training in humans, F o can increase by up to 55%, although the CSA of fibers increases proportionally such that sF o typically does not change or it increases only slightly (4, 42, 45) .
In the current study, following synergist ablation, there was a rapid decline in sF o that occurred at the 3-and 7-day time points, along with a reduction in F o at 7 days. We sought to not only assess functional alterations in muscle contractility, but also to correlate these with biochemical and molecular factors that regulate muscle fiber hypertrophy. Bioinformatics analysis through IPA suggested that, for genes associated with myogenesis and muscle development, most changes occur at the 3-and 7-day time points, with only a small number of genes differentially regulated at 28 days after overload. The changes in contractility at the 3-and 7-day time points correspond to marked increases in expression of signaling pathways that induce muscle atrophy and protein degradation, such as activin B, TGF-␤, and TWEAK (14) . Myostatin plays an important role in inducing muscle atrophy after injury, and was downregulated throughout the study, which is consistent with previous findings (7). MyoD and myogenin, which are transcriptional regulators of satellite cell proliferation and differentiation (16) , and myomaker, which allows the fusion of myoblasts Values are means Ϯ SD, n ϭ 4 muscles per group in control and n ϭ 8 muscles per group for the 3-day, 7-day, and 28-day synergist ablation groups. Differences were tested using a one-way ANOVA (␣ ϭ 0.05) followed by Fisher's least significant difference post hoc sorting. *Significantly different (P Ͻ 0.05) from control muscles, †significantly different (P Ͻ 0.05) from 3-day synergist ablation muscles, ‡significantly different (P Ͻ 0.05) from 7-day synergist ablation muscles.
into myotubes (29) , were upregulated to the greatest extent at 7 days. This corresponded to the appearance of small myotubes in histological sections that were observed at this same time point. The R-Smads, Smad2 and Smad3, along with ERK1/2, p38 MAPK, and STAT3, which together are downstream effectors of the activin and TGF-␤ receptors (35) , demonstrated increased activation at the 3-and 7-day time points. The calpains, which are critical in the disassembly of mechanically damaged sarcomeres (19) , and the E3 ubiquitin ligases atrogin-1, MuRF-1, and MuSA-1, which target damaged proteins to the 26S proteasome for proteolytic breakdown (35) , were upregulated at the 3-and 7-day time points. MuRF-1 also plays an important role in regulating M-line structure and assembly in cardiomyocytes, and an induction of MuRF-1 may be independent of protein turnover (26) . Beclin-1, which is an important regulator of autophagy, was also upregulated to a similar extent (8) .
By 28 days, overloaded muscles demonstrated muscle fiber hypertrophy, an increase in F o and a return of sF o to levels similar to those of control muscles. BMP7, which is a recently described potent activator of muscle hypertrophy (36) , was markedly elevated at the 28-day time point. However, other signaling molecules that induce hypertrophy such as IGF1-Ea and IGF1-Eb (14) , although elevated at 28 days, were more pronounced at 3 and 7 days. Their downstream effectors in muscle hypertrophy, Akt, mTOR, and p70S6K (14) , were also elevated at 3 and 7 days, but returned to control levels by 28 days. Early markers of sarcomerogenesis, eMyHC and pMyHC, were elevated at the 7-day time point, whereas the mature myosin heavy chains MyHC2A and MyHC2X were most significantly upregulated at the 28-day time point. The combined results from the muscle fiber contractility experiments indicate that in the plantaris overload model there is acute damage to muscle fibers that reduces muscle F o and sF o within 1 wk, and that by 1 mo the muscle has hypertrophied and generates more total force production, whereas normalized force production is similar to that of control muscle. Although definitive connections cannot be made, the alterations in muscle contractile properties generally correspond to changes in the activation of various signaling pathways and genes that regulate muscle growth and remodeling.
Muscle hypertrophy is often accompanied by increased collagen deposition (14) . Following synergist ablation, hydroxyproline, which is an amino acid that serves as a biomarker for the major muscle collagens, type I and III, was decreased at the 3-and 7-day time points, but returned to control levels at 28 days. The reduction in collagen content may be due to an increase in expression of the collagenase MMP13, which was highly induced at these time points. By 7 days, type I and III collagens were induced and remained elevated at 28 days, along with the expression of type XII and XIV collagens, which assist in the formation of mature fibrillar collagen fibrils. This is consistent with a previous study that reported an increase in type I collagen expression in mice 21 days after synergist ablation (44) . The basement membrane collagens, which directly surround muscle fibers and assist in the transfer of lateral and longitudinal transmission of force in muscle (14) , were upregulated at the two early time points, and returned to control expression by 28 days. Changes in the basement membrane collagens were accompanied by generally similar changes in the gelatinases MMP2 and MMP9, which degrade this class of collagens. Resistance exercise also frequently increases ECM stiffness, which comes about in part due to increases in cross-links between adjacent collagen molecules (14) . Pyridinoline is formed via the covalent bonding of three hydroxylysine residues between collagen molecules through a process catalyzed by the enzyme lysyl oxidase (24) . In the current study, although absolute levels of pyridinoline did not Values are means Ϯ SD, n ϭ 4 muscles per group in control and n ϭ 8 muscles per group for the 3-day, 7-day, and 28-day synergist ablation groups. Differences were tested using a one-way ANOVA (␣ ϭ 0.05) followed by Fisher's least significant difference post hoc sorting. *Significantly different (P Ͻ 0.05) from control muscles, †significantly different (P Ͻ 0.05) from 3-day synergist ablation muscles, ‡significantly different (P Ͻ 0.05) from 7-day synergist ablation muscles. Values are means Ϯ SD, n ϭ 4 muscles per group in control and n ϭ 8 muscles per group for the 3-day, 7-day, and 28-day synergist ablation groups. Differences were tested using a one-way ANOVA (␣ ϭ 0.05) followed by Fisher's least significant difference post hoc sorting. *Significantly different (P Ͻ 0.05) from control muscles, †significantly different (P Ͻ 0.05) from 3-day synergist ablation muscles, ‡significantly different (P Ͻ 0.05) from 7-day synergist ablation muscles. increase until 7 and 28 days after overload, when normalized to hydroxyproline to reflect overall collagen abundance, relative pyridinoline levels were elevated throughout the overload period. Lysyl oxidase was also markedly upregulated at the 3-day time point, and gradually decreased over time.
There were marked changes in the minor components of muscle ECM, similar to those of the major ECM molecules. Hyaluronic acid can form an immature matrix that serves as a template for mature, collagen-rich matrix formation (2), and the two major muscle hyaluronic acid synthesis enzymes, HAS1 and HAS2, were markedly induced 3 days after overload. The proteoglycans asporin, biglycan, lumican, and versican, which play important roles in organizing the basement membrane and regulating heat dissipation during muscle contraction (46) , were upregulated at the 3-day time point, and generally reduced over time, similar to that of the basement membrane collagens. Elastin, which stores elastic energy in the ECM, was also rapidly induced 3 days after overload and gradually declined by 28 days.
We also measured expression of genes that regulate activity of fibroblasts, which are the major cell type in muscle that remodel the ECM. FAP and FSP1 serve as markers of muscle fibroblasts (11, 33) , and PDGFRa, which is a marker of fibroblast progenitor cells (20) , were upregulated by 3 days, and expression of FAP and FSP1 was downregulated over time. MMP14 is a membrane-tethered matrix metalloproteinase that is expressed on fibroblasts to allow them to migrate through the ECM (5), and the expression pattern of MMP14 overlapped well with the patterns of FAP and FSP1. Osteopontin functions to recruit immune cells to injured muscle after eccentric exercise, and stood out as one of the most differentially regulated transcripts over time in microarray data (1). Levels of osteopontin were upregulated by more than 300-fold at the 3-day time point, but returned to control levels thereafter. For markers of immune cells, which help to work along with fibroblasts in regeneration and remodeling of muscle tissue, the neutrophil marker Ly6C (39) was elevated at 3 and 7 days. The panmacrophage marker F4/80 was elevated consistently at all time points, whereas the M1 macrophage markers CD11b and CD68 (39) peaked at 3 days, and the M2 marker CD168 (39) was highest at 7 days. The combined results from the ECM, fibroblast, and immune cell data suggest that there could be an acute breakdown of the mature fibrillar collagenous matrix 3 days after overload, along with the likely formation of an early immature hyaluronic matrix that serves as a template for new collagen synthesis at 7 days. Markers of fibroblast abundance suggest a likely rapid expansion of the fibroblast population. Unlike muscle fibers themselves, the ECM seems to still be undergoing active remodeling at 28 days, which is supported by the expression of individual genes and bioinformatics analysis. Based on studies of muscle injury (40) we expected markers of macrophages to be reduced by 28 days, especially the M1 macrophage population, but the persistence of macrophage markers might be due to continued ECM remodeling, because muscle fiber regeneration appears to be complete by this time point.
Although we provided important insight to the changes in muscle fiber and ECM adaptation during muscle hypertrophy, there are several limitations to this study. The synergist ablation technique places a constant increased load on the plantaris muscle to induce hypertrophy, and the mechanical load experienced by the plantaris is greater than what would typically be expected in at the onset of a human resistance training exercise regime. We did not measure the levels of specific cell types using immunohistochemistry, and relied on gene expression analysis to measure markers of these cells throughout the muscle. The permeabilized fiber technique allows us to measure active tension developed by myofibrils within a cell, but we did not measure calcium handling or ECM mechanics in this model. We were not able to distinguish between changes in signaling proteins between muscle and other cells in the tissue, although because of the relative size of muscle fibers to other cell types, we presume that the observed differences in protein phosphorylation largely occur in proteins contained in muscle fibers. Although we measured expression of numerous genes, it is possible that observed changes in transcripts did not reflect changes at the protein level. Finally, although we analyzed differences in muscle structure and function through 28 days after overload, it is possible that additional remodeling and adaption occur beyond this time point.
Previous studies have investigated long-term changes in muscle fiber function after undergoing several weeks of resistance training (4, 42, 45) . The findings from these studies have provided important insight into the long-term changes in muscle fiber function and biochemistry in response to exercise. However, many subjects experience an acute drop in whole muscle force production when beginning a resistance-training program (31) , and less is known about acute changes in muscle fiber contractility at the onset of muscle hypertrophy. The plantaris overload model has been used to study skeletal muscle hypertrophy in numerous previous papers. To our knowledge, this work was the first to explore the concurrent changes in muscle fiber contractility and ECM accumulation during hypertrophy, along with changes in signaling protein activation and gene expression in both acute and long-term time points. We think the findings from the study provide important insight into basic biological mechanisms of muscle and ECM growth, and indicate that although muscle fibers appear to mostly have completed remodeling and regeneration by 28 days after synergist ablation, the ECM continues to be actively remodeling at this time point.
